Isoflavone aglycone-rich soymilk fermented by Lactobacillus delbrueckii subsp. delbrueckii, strain TUA-4408L (F4408) has stronger lipid metabolism-modulating effects than isoflavone aglycone-poor soymilk fermented by Lactobacillus delbrueckii subsp. delbrueckii, strain TUA-4404L (F4404). As such, fermentation products other than isoflavone aglycones may also exert lipid metabolism-modulating effects. Therefore, the present study aimed to compare the metabolites in soymilk (SM), F4404, and F4408 via a metabolomics approach. Various aglycones including isoflavones, flavones, flavonols, and flavanones increased in both F4404 and F4408 compared with SM. The increases in isoflavone and flavanone aglycones were greater in F4408 than in F4404. Some types of dipeptides and free amino acids, especially ornithine, increased in both fermented soymilks. The increase in free amino acids, especially ornithine, was higher in F4408 than in F4404. Thus, F4408 exhibited stronger glycosidase and protease activities than F4404. Functional components produced by lactic acid fermentation are known to improve lipid metabolism. Therefore, it is suggested that not only isoflavone aglycones but also other functional components exert lipid metabolism-modulating effects in fermented soymilks, especially soymilk fermented using TUA-4408L.
Introduction
Traditional soy foods produced in Asia are known to have lipid metabolism-modulating effects [1] . Soy protein and isoflavones are the major bioactive components in soy foods. Soy protein reduces cholesterol levels by inhibiting cholesterol absorption in the intestines and promoting fecal excretion through bile acid binding [2] [3] [4] [5] . Furthermore, soy protein also reduces plasma triglyceride levels and body fat mass [6] . In addition, isoflavones are known to be effective against obesity [7] and reduce adipose deposition in a dose-dependent manner [8] . Moreover, isoflavones have been found to modulate hepatic glucose and lipid metabolism [9] [10] . Clinical analyses and meta-analyses have demonstrated the lipid metabolism-modulating effects of combined isoflavones and soy protein [11] [12] [13] [14] . Although soymilk is the simplest soy food, some individuals find the flavor unpalatable. Thus, we used soymilk fermented by lactic acid bacteria of vegetable origin to make its flavor more palatable. Lactic acid fermentation converts the isoflavone glycosides in soymilk to isoflavone aglycones [15] , enhancing their absorption in the intestine [16] . We previously reported the lipid metabolism-modulating effects of fermented soymilk in rats fed an AIN-93G diet [17] , a high-cholesterol diet [18] , a high-fat diet [19] , and a high-fat and high-cholesterol diet [20] [21] . Our results indicated that an increase in the amount of isoflavone aglycones in fermented soymilk enhanced its lipid metabolism-modulating effects [21] .
Although our previous results indicated that the administration of only the isoflavone aglycone fraction from fermented soymilk did not improve lipid metabolism in rats fed a high-cholesterol diet, lipid metabolism improved when the isoflavone aglycone fraction was administered with soy protein [22] . Moreover, it was found that the isoflavone fraction used in our pervious study, ethanol extract from fermented soymilk, contained both isoflavone aglycones and soy peptides [22] . The fermented soymilk protein-derived peptide fraction containing isoflavone aglycones also improved lipid metabolism in HepG2 cells [23] . In our previous study, when we compared the physiological effects of fermented soymilk containing a high ratio of isoflavone aglycone (prepared using Lactobacillus delbrueckii subsp. delbrueckii TUA-4408L) with those of fermented soymilk containing a low ratio of isoflavone aglycone (prepared using Lactobacillus delbrueckii subsp. delbrueckii TUA-4404L), we found that an increase in isoflavone aglycones in fermented soymilk enhanced its lipid metabolism-modulating effect [21] , suggesting that fermentation products other than isoflavone aglycone may be responsible for these effects. Therefore, the present study aimed to analyze the metabolites of soymilk, fermented soymilk prepared using Lactobacillus delbrueckii subsp. delbrueckii, strains TUA-4404L and TUA-4408L via a metabolomics approach.
Materials and Methods

Preparation of Soymilk and Fermented Soymilk
Commercially available soymilk was obtained from Marusan-Ai Co., Ltd. (Okazaki, Japan). Two fermented soymilk products were prepared from soymilk via lactic acid fermentation for 15 h using Lactobacillus delbrueckii subsp. delbru- 
Mass Spectrometry and Liquid Chromatography for Metabolomics Analysis
The soymilk metabolome analyses were carried out at Human Metabolome Technologies Inc. (HMT, Tsuruoka, Japan). One hundred µl of SM, F4404, or F4408, and 900 µL of methanol containing 10 µM internal standard, 1 mL of chloroform, and 400 µL of Milli-Q water were mixed for capillary electrophoresis time-of-flight mass spectrometry (CE-TOFMS). The mixtures were centrifuged for 5 min at 2300 × g at 4˚C. The aqueous phase was passed through an ultrafiltration membrane (5 kDa cutoff filter; Ultrafree MC, HMT) for 120 min at 9100 × g at 4˚C. The flowthrough fraction was completely evaporated, and the residue was dissolved in 50 µL of Milli-Q water. The flowthrough fraction was diluted 2-fold Milli-Q water for cationic metabolites analysis or 5-fold with Milli-Q water for anionic metabolite analysis. CE-TOFMS was carried out using an Agilent CE Capillary Electrophoresis System. Cationic metabolites were analyzed using a fused cilia capillary tube (50 µm × 80 cm), with cation electrophoresis buffer (H3301-1001, HMT) as the electrolyte. The sample was injected at a pressure of 50 mbar for 10 s, and the applied voltage was set at 27 kV. Electrospray ionization mass spectrometry (ESI-MS) was conducted in positive ion mode, the capillary voltage was set at 4000 V, and the spectrum was scanned from m/z 50 to 1000. Anionic metabolites were analyzed with a fused silica capillary tube, with anionic electrophoresis buffer (H3302-1021, HMT) as the electrolyte. The sample was injected at a pressure of 50 mbar for 25 s, and the applied voltage was set at 30 kV. ESI-MS was conducted in negative ion mode, the capillary voltage was set at 3500 V, and the spectrum was scanned from m/z 50 to 1000.
Five hundred µl of SM, F4404, or F4408, and 1500 µL of 1% formic acid-acetonitrile containing 6 µM internal standards were mixed for liquid chromatography-time-of-flight mass spectrometry (LC-TOFMS), and the mixture was centrifuged for 5 min at 2300 × g at 4˚C. The supernatant was dried and dissolved in 100 µL of 50% isopropanol.
LC-TOFMS was carried out using an Agilent 1200 series RRLC System SL equipped with an Agilent LC/MSD TOF (Agilent Technologies). The system was run in gradient mode at 40˚C using an octadecylsilyl column (2 µm, 2 × 50 mm). Solvent A consisted of H 2 O containing 0.1% formic acid, and solvent B consisted of isopropanol containing 0.1% formic acid and 2 mM ammonium hydrogen carbonate, acetonitrile, and H 2 O (65:30:5). The flow rate was set at 0.3 mL/min, and the gradient was set as follows: 1% B (from 0 to 0.5 min), linearly increasing to 100% B (from 0.5 to 13.5 min), and holding at 100% B (from 13.5 to 20 min).
MS analysis was carried out in both positive and negative ion ESI modes of detection. The operating parameters were as follows: drying gas (N 2 ) flow rate, 10 L/min; drying gas temperature, 350˚C; nebulizer pressure, 40 psi; capillary voltage, 3500 V; and mass scanning range, m/z 100 -1700. Metabolome raw data were processed using Master Hands ver. 2.17.1. The metabolites and peptides (two to four amino acid residues) were annotated using the metabolite library and peptide list maintained by HMT, respectively.
Results and Discussion
Differences between the Metabolic Profiles of Soymilk and
Fermented Soymilk Products [24] . The amount of genistein or baicalein was 1.4-fold higher in F4404 and 7.3-fold higher in F4408 than in SM (Table 1) . Because genistein and baicalein have the same molecular weight, this metabolome analysis was unable to identify which substance was present in each of the soymilk products. Thus, it is assumed that either genistein or baicalein may contribute to the lipid metabolism-modulating effects of lactic acid-fermented soymilk.
Soy reportedly contains only a small amount of glycitein (an isoflavone aglycone) [25] . In the present study, the amount of glycitein was 2.1-fold higher in F4404 and 16-fold higher in F4408 than in SM (Table 1) . Additionally, formononetin (Table 1) . It has been reported that formononetin affects lipid and protein metabolism in the liver of ovariectomized rats [26] , as well as their estrogenic function [27] . Therefore, it is suggested that these isoflavones influence the lipid metabolism-modulating effect of lactic acid-fermented soymilk.
Flavones or Flavonols
Luteolin improves obesity and insulin resistance [28] . Datiscetin reportedly has a preventive effect against Alzheimer's type dementia [29] . Kaempferol glycoside has anti-obesity and anti-diabetic effects [30] ; thus, kaempferol aglycone may provide stronger effects than kaempferol glycoside. Additionally, isoorientin (a glycoside of luteolin) prevents hyperlipidemia and liver injury by regulating lipid metabolism, antioxidant capability, and inflammatory cytokine release in high-fructose-fed mice [31] . The amount of luteolin, datiscetin, or kaempferol did not change in F4404, but it increased significantly in F4408 compared with SM (Table 2 ). Because luteorin, datiscetin, and kaempferol have the same molecular weight, it was not possible to identify which substance was present in this metabolome analysis. Therefore, it was suggested that lipid metabolism-modulating effects may be promoted by increasing any one of these lactic acid fermentation-derived substances. As isoorientin or luteolin 7-glucoside decreased in F4408 compare with that in F4404, luteorin seems to be the most possible substance in F4408. Quercetin-3-rutinoside (Rutin) is reported to be effective in regulating blood biochemical parameters in hamsters with hypercholesterolemia [32] . Because F4408 has the ability to convert glycosides to aglycones, the value was higher in F4408 than in F4404 as compared with that in SM ( Table 2) . Saponarin (a polyphenol glycoside), which has a protective effect on the liver [33] , was 19-fold higher in F4404 and 9.8-fold higher in F4408 than in SM (Table 2) . Apigenin is known to activate PPARγ [34] and has a suppressing effect on the expression of NAFLD by improving oxidative stress and improving abnormality hepatic lipid (Table 2) . Therefore, it was suggested that apigenin was produced from apigenin glucoside in fermented soymilks and may influence the lipid metabolism-modulating effect of lactic acid-fermented soymilk.
Flavanones in F4404 and F4408
Naringenin (a flavanone aglycone) was 3.6-fold higher in F4404 and 8.8-fold higher in F4408 than in SM (Table 3) . Naringin (a naringenin glycoside) is known to improve hyperlipidemia and lipid metabolism [36] , to decrease blood cholesterol levels, and to have antioxidant effect [37] [38]. As aglycones have greater effect of lipid metabolism-modulating effects than glycosides, naringenin is expected to have greater effects on lipid metabolism than naringin. Eriocitrin is known to improve fatty liver [39] . Eriodictyol-7-neohesperidoside is a substance that has not been extensively studied, and its effect on lipid metabolism is therefore unknown. The amount of eriocitrin was unchanged in F4404 and F4408 compared with SM (Table 3) .
Liquiritigenin inhibits LXR-dependent steatosis and oxidative damage [40] . Isoliquiritigenin has been reported to protect against alcohol-induced fatty liver by regulating the SIRT-1-AMPK pathway and to inhibit LXRα-dependent steatosis [41] [42] . In the present study, levels of isoliquiritigenin were higher in F4408 than in F4404 as compared with SM (Table 3) . Therefore, it was suggested that these compounds may play a role in the lipid metabolism-modulating effects of lactic acid-fermented soymilk.
Dipeptides
Some dipeptides increased in fermented soymilks compared with those found in SM. There was not a great difference in the production of dipeptides in F4408 and F4404, with a few exceptions (Table 4) . Asp-Asp increased in F4408 compared with SM. Ala-Ser or Thr-Gly increased in F4404 and F4408 compared with SM (Table 4) . Although fermentation did not remarkably increase the amount of oligopeptides [23] , only Ala-Ala or daminozide is dramatically increased in F4404 and F4408 compared with SM (Table 4) . Production of new peptides demonstrates the increase in protease and peptidase activities during fermentation. 
Free Amino Acids
Free amino acids in fermented soymilk were produced by degradation of soy protein by Lactobacillus delbrueckii subsp. delbrueckii, strain TUA-4404L or TUA-4408L (Table 5) . Glutamine, tyrosine, β-alanine, homoserine, and citrulline were more abundant in F4404 than in SM or F4408, but other amino acids were more abundant in F4408 than in SM or F4404 (Table 5) . Ornithine is produced from arginine [43] , and it is noteworthy that arginine decreased in F4404
and F4408, whereas ornithine drastically increased (Table 5 ). In particular, the ornithine content of F4408 was 429-fold higher than that of SM (Table 5 ). Lactobacillus delbrueckii subsp. delbrueckii strain TUA-4408L has stronger metabolic activity than TUA-4404L (Table 5 ). It was revealed that TUA-4408L has a greater ability to convert arginine to ornithine. Ornithine is metabolized to citrulline, but the amount of citrulline in F4408 is lower than in F4404 (Table 5) .
As ornithine has been reported to improving lipid metabolism [44] [45] . It was suggested that the ornithine in F4408 may influence its lipid metabolism-modulating effect. Additionally, proline, which promotes collagen synthesis, is also produced from ornithine [46] . Because F4408 contains an abundance of ornithine, it is thought that proline and hydroxyproline also increased in F4408 compared with SM (Table 5) .
Polyamines
Polyamines exhibit anti-aging properties [47] [48] . Polyamines increased in F4404 and F4408 (Table 6 ) compared with SM. The ratios of polyamine in F4404 and F4408 compared with SM were nearly equal. In addition, ornithine, which is a precursor of polyamine, increased markedly through lactic acid fermentation (see section 3.2.5). 
Organic Acids
Fermented soymilk was prepared via lactic acid fermentation using Lactobacillus delbrueckii subsp. delbrueckii, strains TUA-4404L or TUA-4408L. Thus, the amount of lactic acid increased remarkably in F4404 and F4408 (Table 7) . It is also known that lactic acid bacteria, including those used in the present study, convert malic acid to lactic acid [49] , as can be seen in Table 7 . In addition, it was revealed that these two strains of lactic acid bacteria, especially strain TUA-4408, have a high capacity to produce succinic acid, a flavor ingredient [50] . It is therefore possible that F4408 is more palatable than F4404 (Table 7) .
Conclusion
Various aglycones including isoflavones, flavones, flavonols, and flavanones increased in the two types of lactic acid-fermented soymilk prepared using Lactobacillus delbrueckii subsp. delbrueckii, strains TUA-4408L (F4408) and TUA-4404L
(F4404) compared with the original soymilk. The increases in isoflavone and flavanone aglycones were greater in F4408 than in F4404. Our results indicate that Lactobacillus delbrueckii subsp. delbrueckii, strain TUA-4408L has the ability to effectively convert polyphenol glycosides to aglycones. Although the amounts of oligopeptides were not changed by lactic acid fermentation, the amounts of some dipeptides and free amino acids increased in both fermented soymilks. Additionally, our results indicate that F4408 has stronger protease activity than F4404, and the amount of ornithine dramatically increased in F4408.
These functional components are known to improve lipid metabolism. Polyamines and succinic acid also increased in both fermented soymilks. Therefore, it is suggested that not only isoflavone aglycone but also other functional components exert lipid metabolism-modulating effects in fermented soymilks, especially F4408.
